Anopheles gambiae populations in west Africa are complex, being composed of multiple, sympatric subpopulations. Recent studies have failed to reveal significant genetic differences among subpopulations, stimulating a debate regarding the levels of gene flow among them. The observed homogeneity may be the consequence of substantial contemporary gene flow or it may be that reproductive isolation is complete, but too recent for the accumulation of significant levels of genic divergence. Here, we report the results of a study estimating contemporary levels of gene flow between An. gambiae subpopulations by analysing females and transferred sperm removed from their reproductive systems. A total of 251 female and associated sperm extracts was analysed from a single site in Mali. Two molecular forms of An. gambiae , the M-and S-forms, occurred in sympatry at this site. Overall, we found very strong positive assortative mating within forms, however, we did observe significant hybridization between forms. In the M subpopulation 2/195 females (1.03%) contained sperm from S-form males and in 55 S-form females we found one female containing M-form sperm (1.82%). We also identified a mated M × × × × S hybrid adult female.
Introduction
The mosquito Anopheles gambiae is one of the principal vectors of malaria in sub-Saharan Africa, where 1-2 million deaths per year are caused by this disease (World Health Organization 1993) . An. gambiae is the nominal species in a complex of six sibling species that are characterized by fixed paracentric chromosome inversions. Within-species, inversion polymorphisms have also been described (Coluzzi 1968; Coluzzi & Sabatini 1967 , 1968 , 1969 . In the species An. gambiae sensu stricto detailed analysis of the frequencies of inversions located on chromosome 2 revealed significant deficiencies or the complete absence of certain heterokaryotypes in populations in which these were expected to be abundant under Hardy-Weinberg equilibrium (Coluzzi et al . 1979; Bryan et al . 1982) . Based on these observations, several 'chromosomal forms' have been defined. These forms occur in sympatry in part of their range and it is assumed that they are completely or partially reproductively isolated. The issue has generated much debate Taylor et al. 2001) , and from a practical perspective is not trivial. The success of vector control programs may be significantly impacted by the movement of insecticide resistance genes (Coetzee et al . 1999) or by the efficiency of introducing genes into populations via the release of genetically engineered mosquitoes as part of a genetic control strategy currently in development (Catteruccia et al . 2000; Coates 2000) .
In Mali, West Africa, three chromosomal forms of An. gambiae s.s . are present, the Bamako, Mopti and Savanna forms Touré 1991) which in many places occur in sympatry, along with the sibling species An. arabiensis . Population genetic studies of chromosomal forms are made difficult by the need to karyotype adults. This is time-consuming and limiting because polytene chromosomes are confined to ovarian nurse cells, hence karyotyping can only be applied to halfgravid females. To remedy this problem Favia et al . (1997 ) developed a chromosomal form-specific diagnostic based upon polymerase chain reaction -restriction fragment length polymorphism ( PCR-RFLP) analysis of sequence from the ribosomal DNA-intergenic transcribed spacer (rDNA-IGS) located on chromosome 1. This method consistently differentiated the Mopti from Bamako and Savanna forms in samples from Mali and Burkina Faso, but was unable to distinguish the Bamako and Savanna forms. Individuals identified using this method have been termed 'molecular forms'; in Mali the M-form is equivalent to the Mopti chromosomal form and the S-form includes the Bamako and Savanna chromosomal forms ( Favia et al . 1997 ) .
Results obtained from analyses of the distribution of molecular forms in natural populations appear inconsistent with interpretations based on the distribution of inversion polymorphisms. Initial studies reported karyotypes representative of hybrids between the Savanna and the other two chromosomal forms, but no M × S molecular form hybrids were found in nature, even from field sites in which the two were sympatric ( Favia et al . 1997; Chandre et al . 1999 ). In addition, field-collected individuals with 'hybrid' karyotypes failed to produce a hybrid PCR-RFLP pattern, however, Mopti × Bamako hybrids, generated in the laboratory, did result in a clearly resolved hybrid pattern ( Favia et al . 1997 ) . Bearing in mind that the molecular forms are defined by a locus on chromosome 1 and inversion karyotypes by rearrangements on chromosome 2, these results suggest that karyotypes identified as between-form hybrids might not in fact be hybrids, but rather the result of low frequency, within-form polymorphisms. Consequently, reproductive isolation among the redefined chromosomal forms may be complete as suggested by . Complete reproductive isolation between the M-and S-forms has been supported by a more recent survey making use of the rDNA-IGS PCR diagnostic on 1161 samples from different areas of Africa ( Della Torre et al . 2001) . The authors nevertheless reported three putative M × S hybrid patterns, but interpreted them as being the consequence of PCR contamination ( Della Torre et al . 2001) . It is also partially supported by studies of the distribution of the kdr gene, a mutation involved in resistance to pyrethroid insecticides. Chandre et al . (1999) found the kdr gene at high frequencies among S-form populations in Burkina Faso and Ivory Coast, but it was absent in M-form populations, even where the two forms are sympatric. However, in two recent studies, the kdr gene has been found in both forms in Benin ( Della Torre et al . 2001; Weill et al . 2000) . These studies provide evidence for introgression between forms in at least some sites in western Africa.
There are other published reports that raise questions regarding the extent of reproductive isolation among An. gambiae chromosomal/molecular forms. Whereas postmating reproductive isolation, in the form of hybrid male sterility, has been demonstrated among An. gambiae sibling species (Davidson 1964) , matings between chromosomal forms produce reproductively normal progeny of both sexes (Persiani et al . 1986 ). If premating barriers to gene flow among forms exist, as has been suggested (Favia et al . 1997; Chandre et al . 1999) , then significant and detectable levels of differentiation between forms should exist at neutral loci. Isozyme surveys of field-collected mosquitoes failed to reveal differences among forms (Cianchi et al . 1983) . Likewise, in a study of populations in Mali, where the Bamako and Mopti forms occurred in sympatry, Lanzaro et al . (1998) found a pattern of divergence at 21 microsatellite loci inconsistent with complete reproductive isolation between the two. Similarly, Mukabayire et al . (2001) and Gentile et al . (2001) failed to find evidence of differentiation between molecular forms based on single-copy nuclear loci and mitochondrial DNA ( mtDNA) sequences. Although these results suggest that reproductive isolation among forms is not complete, the data could also be interpreted as evidence that chromosomal/ molecular forms are very recently diverged, such that insufficient time has passed for them to accumulate detectable levels of differentiation at selectively neutral loci. Because only a direct assessment of current rates of hybridization between forms could resolve this problem, we developed a method to estimate contemporary levels of gene flow between molecular forms by reconstructing the mating patterns of An. gambiae females collected from nature. Following copulation, female mosquitoes store sperm in an organ called the spermatheca. Sperm remain viable in this organ for the lifetime of the female (Goeldi 1905) . We dissected this organ from females collected in the field, removed the sperm and extracted DNA from the female and the sperm she was carrying. In this way it was possible, using the PCR-based rDNA-IGS diagnostic, to obtain direct estimates of the rate of hybridization between molecular forms.
Materials and methods
Anopheles arabiensis and An. gambiae female mosquitoes were collected from human habitations in the village of N'gabacoro Droit near Bamako in Mali, west Africa (12 ° 41 ′ 16 ″ N, 7 ° 50 ′ 20 ″ W) during the second week of September 1999. Previous records ) and preliminary work indicated that in September the Mopti and Bamako forms dominate at this site, with the Savanna form present at low frequency. Female mosquitoes were captured daily in the morning using mouth aspirators. They were stored temporarily in small netted cardboard containers that were kept in the shade and covered with a moist towel until being transported to the laboratory at the Malaria Research and Training Center, National School of Medicine and Pharmacology, Bamako, Mali. Upon arrival at the laboratory, female mosquitoes were killed by freezing and placed in individual 1.5 mL tubes containing 70% ethanol for shipment to the University of Texas Medical Branch, Galveston, USA.
Female DNA extractions and species diagnostic
Individual female mosquitoes were removed from the tubes in which they had been stored, and dissected to separate the head and thorax from the abdomen. DNA was extracted from the head and thorax of 400 adult females using a standard extraction protocol ( Post et al . 1993) , while the abdomens were kept intact and returned to correspondingly numbered tubes containing 70% ethanol. A PCR-based diagnostic, as described by Scott et al . (1993) was run on head and thorax extracts to discriminate between An. arabiensis and An. gambiae individuals. A total of 355 extractions was successfully diagnosed and used for subsequent analyses.
Dissection of spermathecae, DNA extraction from sperm and species diagnostic
Abdomens from females positively identified as An. gambiae were rehydrated for 1-4 days before dissection. Under a binocular microscope and using micropins, we first removed the reproductive system, including the ovaries, oviducts and spermatheca ( Fig. 1) . The spermatheca, easily identified as a brown pigmented, spherical organ, was excised and as much surrounding maternal tissue as possible was removed. We used a new microslide and new micropins for each dissection in order to prevent contamination. The spermatheca was then transferred to a clean drop of water and ruptured by applying gentle pressure to the spermathecal capsule. Storage in 70% ethanol causes the proteinaceous fluid in the spermatheca to coagulate, making it possible to collect a 'sperm bundle', essentially free of contaminating maternal tissue, at the tip of a micropin ( Fig. 2) . The sperm bundle was transferred to a 1.5-mL microcentrifuge tube containing 200 µ L of 5% Chelex ( Bio-Rad) and kept on ice until extraction. Note that if the female abdomen is rehydrated for too long the contents of the spermatheca regains its fluidity in water making this procedure impossible. DNA was extracted using a modified version of a forensic protocol for DNA recovery from semen/semen stains described by Walsh et al . (1991) . Briefly, 4 µ L of 5 mg/mL proteinase K (Promega) and 7 µ L of 1 m dithiothreitol (DTT) was added to each sample and these were then centrifuged for 10-20 s at 15 000 g and vortexed gently. Samples were then incubated at 56 ° C for 60 min, vortexed at high speed for 5 -10 s and spun for 10 -20 s at 15 000 g They were then incubated in boiling water for 8 min, vortexed at high speed for 5 -10 s and spun for 2-3 min at 15 000 g The supernatant was transferred to a new tube and dried in a speed-vacuum. Pellets were rehydrated with 12 µ L of ultra-pure water and stored at -20 ° C. Sperm DNA was first analysed using the PCR-based diagnostic following the procedures of Scott et al . (1993) to discriminate between matings within An. gambiae s.s. and cross-matings with An. arabiensis .
Molecular form-specific diagnostic
The rDNA-IGS diagnostic developed by Favia et al . (1997 ) that differentiates the M and S molecular forms was run on DNA extracts from females and from the sperm removed from them. This procedure consists of PCR amplification of a 1.3-kb fragment of the rDNA locus followed by restriction digest of this fragment with Hha I and Tru 9I. The size of the resulting restriction digest fragments are different and diagnostic for the two forms. Conditions for the PCR and restriction digests were as described by the authors, except that 40 cycles of amplification, rather than 25, were used for the sperm extracts and in all cases the PCR mixtures contained 12.5 m m MgCl 2 . The digested PCR products were run on 1.2% agarose gels and yielded characteristic banding phenotypes that distinguish Mfrom S-form individuals, as well as M/ S hybrids, as described by Favia et al . (1997 ) .
Microsatellite DNA analysis
Gene frequencies were determined for three microsatellite loci in a sample of 219 of the females and associated sperm DNA samples. Primer sequences and PCR conditions for loci AG3H88 , AG3H128 and AG3H158 , as described by Zheng et al . (1996) , were used. These loci were selected because previous studies had found them to be highly polymorphic in An. gambiae populations from Mali (Lanzaro et al . 1995 (Lanzaro et al . , 1998 . These loci are located on chromosome 3 and therefore are neutral with regard to the inversion polymorphism present on chromosome 2. Microsatellites were amplified by PCR using fluorescent-labelled primers. The PCR products were fractionated on highresolution polyacrylamide gels and scanned using an ABI-377 automated sequencer and genescan software ( Applied Biosystems). Genotyping of individual mosquitoes was then performed using the genotyper software package ( Applied Biosystems).
Microsatellite allele frequency data were analysed with the arlequin software package (http://www. anthropologie.unige.ch/arlequin) (Schneider et al . 2000) . Allele frequencies and the level of heterozygosity for each locus were calculated based on a sample of 219 An. gambiae , 163 M -form and 56 S-form individuals. We estimated the level of differentiation between forms using Wright's F ST statistics ( Wright 1978) and by testing the null hypothesis of no differentiation using an extended Fisher's exact test developed by Raymond & Rousset (1995) and available in the arlequin software package (Schneider et al . 2000) .
Results and Discussion
Based on the molecular species-specific diagnostic we identified, respectively, 26 ( 7.3%) Anopheles arabiensis and 329 (92.7%) An. gambiae among the 355 samples analysed. Of the 329 An. gambiae , 246 were M-form, 82 were S-form and one exhibited a M × S hybrid pattern. Of the females identified as An. gambiae , 7 had damaged spermathecae and 22 were not inseminated. Of the 300 females from which sperm was recovered 251 were analysed successfully (83.6%).
Microsatellite allele frequencies and levels of divergence among molecular forms
Allele frequencies at three microsatellite loci for the M and S molecular form subpopulations at N'gabacoro Droit are presented in Table 1 . Consistent with our earlier work (Lanzaro et al . 1995 (Lanzaro et al . , 1998 ) each locus was highly polymorphic, carrying 14 − 28 alleles. Genetic differentiation between the M-and S-form subpopulations at N'gabacoro Droit was estimated by calculating an exact P for the null hypothesis of no differentiation using Fisher's exact test (Raymond & Rousset 1995) , and by calculating F ST for each locus. Results of these analyses indicate no statistically significant differences between the M and S subpopulations (Table 2) . These results were also consistent with our earlier work suggesting that there is little or no differentiation between forms in microsatellite allele frequencies at loci located on chromosome 3 (Lanzaro et al . 1998 ).
Assessment of premating isolation between species
There was no occurrence of cross-mating between An. gambiae females and An. arabiensis males, based on analysis of the 251 sperm samples extracted from the spermathecae of An. gambiae females. Sperm samples from females identified as An . arabiensis were not analysed. These results are consistent with earlier reports of very low frequencies of An. arabiensis × An. gambiae hybrids based on cytological examination of polytene chromosomes. The two species are readily distinguished by a large inversion on the X chromosome. reported three hybrids in their survey of 17 705 individuals in Mali, this gives a rate of hybridization of m = 8.5 × 10 -5 .
Assessment of premating isolation between forms
In a large majority of the cases, individuals from the two molecular forms were found to mate assortatively (Table 3) . There were, however, three cross-matings between M-and S-forms. One was a single mating between an M-form female and an S-form male, the remaining two contained sperm that produced a 'hybrid', M + S electromorph. This result may be interpreted in two ways. These females may have mated with two males of different chromosomal forms or the sperm extract could be contaminated with female tissue. In both cases the restriction digest would yield an M + S pattern (Fig. 3) . The results of microsatellite DNA analysis of these two sperm samples revealed 3 -4 alleles at two or three loci ( Table 4 ). In neither case did the alleles from the sperm sample match those from the female from which the sperm was recovered. This rules out the possibility that alleles detected in sperm were from contamination with female DNA. Therefore, in both instances the M + S electromorphs were the result of a female mating with two males of different molecular form. *Microsatellite DNA analysis was used to distinguish between a female hybrid case and a possible contamination (see text for details). †Microsatellite DNA analysis was used to distinguish between matings with two males of different chromosomal form or contamination of the sperm extract with female tissue (see text and Table 4 ).
Assessment of a hybrid adult female
Only one female was identified as a potential hybrid among the 329 analysed. This female exhibited the multiple rDNA-IGS RFLP banding pattern expected from a hybrid ( Fig. 3) . Contamination by genomic DNA from a second female might produce the same pattern. To eliminate this possibility we analysed the microsatellite genotypes for this sample. The sample was found to be homozygous at three of four loci and contained only two alleles at the fourth. The probability of two females sharing homozygosity at these three loci can be calculated using the frequency of homozygosity for the observed allele for each of the three loci in question. It is equal to the square of the product of the probability of being homozygous for each locus and in this case was P < 3 × 10 -7 . Thus, contamination would be a very unlikely event and assuming that the molecular form-specific diagnostic is reliable, this particular female is a true hybrid. This gives a hybridization rate m = 1/329 = 2.82 × 10 -3 . This female was mated to an S-form male. Overall, our assessment of the mating structure of the population studied revealed strong assortative mating among chromosomal forms. If mating were random, we would have expected 123 between-form matings; we observed only three. However, if those three matings lead to the production of viable and fertile offspring, this should result in a fairly high estimate of gene flow. The product of N e and migration rate (m) is a commonly used estimator of gene flow. In our case m = the genetic contribution resulting from hybridization, thus N e m would represent the number of hybrid matings per generation. There were 195 M females and 55 S females examined. The M females carried 193 M sperm loads, 1 S sperm load and 1 M + S sperm load, in this last case contributed by two males. The S females carried 54 S sperm loads and 1 M + S sperm load. We will assume that the M + S sperm contribute equally to those female offspring. Furthermore, we assume that the relevant subpopulations are defined by females, and that the male mating partners represent the migrants or residents, in the proportion m to 1 − m (so if all male partners were the same form as females then 1 − m = 1 and m = 0). The rate of 'migration' of S into M populations is thus (1 + 0.5)/195 = 0.00769. Similarly, the rate of 'migration' of M into S populations is 0.5/55 = 0.00909. We take the total 'migration' rate as the average of these two estimates, i.e. 0.00839. Estimates of effective population size (N e ) have not been made at N'gabacoro Droit, but have been calculated at a nearby village, Banambani, where N e was estimated at 2000 -6000 (Taylor et al. 1993; ). If we conservatively use the value of N e = 2000 for N'gabacoro Droit, we obtain a N e m = 16.783. In addition to the N e m calculated from mating frequencies, N e m can also be calculated from the migration rate m calculated from the frequency of adult hybrids. Using the same value of N e = 2000 for N'gabacoro Droit, we obtain a N e m = 5.6. This value is similar to our earlier estimate of gene flow between the Bamako and Mopti chromosomal forms based on FST for allele frequencies at 21 microsatellite loci, which yielded N e m = 5.8 (Lanzaro et al. 1998) . In a recent study Taylor et al. (2001) report the results of estimates of gene flow among chromosomal and molecular forms employing both direct and indirect methods, including karyotype frequencies, rDNA-IGS forms in larvae, mark−release−recapture studies and microsatellite surveys. Their estimates of gene flow (N e m) range from 3.2 to 28.4, and they estimate m based on the frequency of M × S hybrid larvae at 11.27 × 10 -3 (Taylor, Fig. 3 PCR-RFLP assay performed with the restriction enzyme True 91 (see Favia et al. 1997) on the DNA extracts from the head and thorax of mated females (left) and from the sperm contained in their spermatheca (right). In lanes 1, 4 and 5, M-form females mated assortatively with M-form males and similarly, in lanes 2 and 3, S-form females mated with S-form males. However, in lane 6, an M-form female mated both with an S-form male and an Mform male. et al. (2000) , in a large survey of the distribution of M-and S-forms in An. gambiae populations from different African countries found three potential hybrids of 1161 analysed samples, thus an estimated rate of hybridization m = 3/1161 = 2.58 × 10 -3 . Further analysis of those three putative hybrids using the approach described here (above) could rule out possible contamination and validate this result. It is also interesting to note that N e m estimates based on the frequency of crossmatings (this study), hybrid larvae (Taylor et al. 2001) and hybrid adults (this study, Della Torre et al. 2001) seem to decrease from mating and larval stage, to adult stages. This pattern would suggest that M × S hybrids are selected against at later stages.
In the entire sample we found that < 5% of the females analysed were inseminated by two males; this was based on microsatellite analysis of sperm DNA revealing the presence of more than two alleles at a single locus. It is noteworthy that two of the three cross-mated females (66%) were mated twice, in each case to one male of their own molecular form and one from the alternative form. This observation raises questions about sperm utilization, in particular the possibility that females mated to the 'wrong' form are less refractory to subsequent matings. Females, through sperm selection processes (Eberhard 1996; Birkhead & Møller 1998) , might also utilize sperm in such a way as to disfavour the production of hybrid offspring. The occurrence of a hybrid female adult in this study and reports of hybrid larvae in another study (Taylor et al. 2001) suggest that if such a mechanism does exist it does not completely eliminate the production of hybrids. Furthermore, the hybrid female we collected was mated demonstrating that hybrid adults are reproductively active. A more detailed analysis of sperm utilization and polyandry in An. gambiae is currently underway in our laboratory.
Conclusions
The major objective of this study was to make direct estimates of contemporary gene flow that are not confounded by divergence time. This was achieved by identifying the molecular forms of mating partners via analysis of females and sperm removed from their spermathecae. In an analysis of 250 samples we found very strong assortative mating, with 98.8% within-form matings. However, we did observe three cross-matings (1.2%), one of these was an S-form female to an M-form male and two were the reciprocal, demonstrating that hybridization is bidirectional. One additional female was herself a hybrid and she was mated. Based on these results we made a conservative estimate of N e m = 16.783 based on crossmatings and 5.8 based on adult hybrid frequency.
These results clearly argue against complete reproductive isolation between forms as interpreted by and question the validity of recognizing chromosomal or molecular forms as separate species. The degree of gene flow compatible with 'good' species seems closely tied to definitions of species and speciation (Arnold 1997 ) ; topics that are still fiercely debated. We emphatically do not take sides in that debate, noting only that these hybridization rates are at least one order of magnitude greater than those recorded for well-established species such as Anopheles gambiae s.s. vs. An arabiensis (Taylor et al. 2001) or the model sympatric species Drosophila pseudoobscura vs. D. persimilis ( Powell 1983) . Elsewhere ( Taylor et al. 2001) , we have suggested that these chromosomal forms might well be examples of sympatric speciation in action, perhaps by the mechanisms described by Kondrashov & Kondrashov (1999 ) or Dieckmann & Doebeli (1999) . If so, then equilibrium models of genetic differentiation might not provide the appropriate way to think about these forms. In any event, we emphasize that there is little reason at this time to presume that the molecular forms of An. gambiae s.s. represent good species.
From a practical perspective, if ongoing gene flow is responsible for the general lack of genetic differentiation between forms, it is not clear why so few heterozygotes at rDNA loci are found (Lanzaro et al. 1998; Della Torre et al. 2000; Gentile et al. 2000; Mukabayire et al. 2000) . This apparent rarity of hybrids may be due to the fact that the molecular diagnostic is based on a multicopy rDNA locus and such loci are notably prone to gene conversion (Hillis et al. 1991) . There is therefore the possibility that hybrid individuals beyond the F 1 would remain undetected.
